A novel approach to realize broadband microwave spectrum sensing based on photonic RF channelization and compressive sampling (CS) is proposed. The photonic RF channelization system is used to slice the input broadband signal into multiple sub-channel signals with narrow bandwidth in parallel and thus the rate of pseudo-random binary sequence (PRBS) and the bandwidth of the MZM for CS can be largely decreased. It is shown that a spectrally sparse signal within a wide bandwidth can be captured with a sampling rate far lower than the Nyquist rate thanks to both photonic RF channelization and CS. In addition, the influence of the non-ideal filtering of the photonic channelizer is evaluated and a novel approach based on measuring twice is proposed to overcome the problem of frequency aliasing induced by the non-ideal filtering. It is demonstrated that a system with 20 Gbit/s PRBS and 2.5 GS/s digitizer can be used to capture a signal with multiple tones within a 40 GHz bandwidth, which means a sampling rate 32 times lower than the Nyquist rate.
Introduction
Microwave signal processing with photonic technology has attracted much interest owing to the advantages of wide bandwidth, low loss, and immunity to electromagnetic interference offered by photonics. In modern wireless communications and advanced radar system, it is necessary to analyze the spectrum of the received microwave signals within a large bandwidth. Photonics-based approaches for microwave spectrum analysis are considered as competitive alternatives since conventional electronic techniques are limited by the inherent bandwidth bottleneck. In recent years, a variety of photonics-based approaches for microwave spectrum sensing have been proposed [1] - [28] . These approaches can be roughly divided into four categories: photonic instantaneous frequency measurement [1] - [4] , spectrum analysis based on optical frequency scanning [5] - [7] , photonic RF channelization [8] - [15] , and photonic-assisted analog-to-digital conversion (ADC) [16] - [28] . Photonic RF channelization can slice the input broadband signal into sub-channels with narrow bandwidth and support spectrum measurement of microwave signal with a large bandwidth, however its resolution is usually limited by the minimum achievable bandwidth of the optical filter (typically larger than 1 GHz). Especially, photonic-assisted ADC is of great interest because it can not only support a wide bandwidth measurement but also features high-resolution and high-sensitivity. Recently, photonic-assisted ADC based on compressive sampling (CS) provides a potential solution for broadband microwave spectrum sensing with sub-Nyquist sampling rate [21] - [29] . According to the theory of CS, it is possible to recover a signal with sampling points far less than that demanded by the Nyquist theorem given that the signal is sparse in a certain orthogonal basis [30] . A spectrally sparse signal composed of a few sinusoidal signals can be captured in a periodical sampling mode with CS based schemes, such as the modulated wideband converter (MWC) and the random demodulator [30] , [31] . The photonic CS based on random demodulator aims to capture sparse multitone signals with simple structure [21] while the MWC-based photonic CS is preferred for the capture of sparse multiband signals with good approximation [22] . These two schemes both involve random mixing, low-pass filtering, and down-sampling, while differ in the structure, recovery algorithm, and assumed signal model. In the random mixing stage, the signal of interest must be multiplied with a pseudo-random binary sequence (PRBS) at or above its Nyquist rate, which may be a challenge in the applications with ultrahigh bandwidth. Several schemes have been proposed to overcome this challenge based on the approaches of optical mixing [26] , photonic time stretch/compression [27] , [28] . In [26] , an optical mixing scheme for realizing the MWC or the random demodulator is proposed to avoid high speed electronics, the PRBS is recorded in the frequency domain by using a spectrum shaper with spatial light modulator (SLM). Since the length of the PRBS affects the signal recovery performance in CS, the upper limit of the length of PRBS that can be recorded in an SLM is further investigated in [29] . In [27] , an approach to realizing microwave spectrum sensing based on photonic time stretch and CS is proposed, the signal to be measured is slowed down in the time domain by photonic time stretch and therefore the rate of the applied PRBS can be decreased. In [28] , the technique of photonic time compression is applied to accelerate the PRBS and increase the effective sampling rate in CS, where the PRBS modulated highly chirped ultrafast laser pulses is partially compressed in time before sampling the microwave signal. However, the continuous-time operation in photonic time stretch/compression is complex and hard to realize.
In this Letter, we propose a novel spectrum sensing scheme for broadband microwave signal that combines the advantages of photonic RF channelization and CS. The input broadband signal is firstly sliced into a bank of sub-channels by a photonic RF channelizer and then the microwave signal in each sub-channel is processed and captured by a random demodulator based photonic CS module. In the scheme, all the photonic CS modules share a same PRBS generator and the clock rate of the PRBS as well as the speed of mixer is largely decreased, which is highly desired in practical realizations of CS. A sampling rate much lower than the Nyquist rate, as a result of the photonic RF channelizer and the CS, is sufficient for reconstruction of broadband microwave signals with high frequency resolution. In addition, we also propose a novel approach based on measuring twice with different ranges of alias frequency to eliminate the problem of spectral leakage induced by the non-ideal filtering in the photonic channelizer. It is shown that a system with a 20 Gbit/s PRBS and a 2.5 GS/s digitizer can be used to capture a signal with multiple tones in a 40 GHz bandwidth.
Operation Principle
The proposed scheme is schematically illustrated in Fig. 1 . The system is composed of two parts. The first part is a photonic RF channelization system, which acts like a vernier caliper based on an optical frequency comb (OFC) and a flat top optical comb filter (FTCF) with different spacings. The operation principle of the photonic RF channelization is similar to the proposals in [12] , [13] , except that the OFC is reused as optical reference for heterodyne detection in this scheme and the exact spectral information can be obtained by the followed CS. As shown in Fig. 1(a) , an OFC is chosen as the light source of the photonic channelizer and split into two paths by an optical coupler (OC). In the lower path, the OFC is modulated by a broadband RF signal to be measured via an MZM, and then spectrally sliced by a FTCF . In the upper path, the OFC is unchanged. The signals in the two paths are recombined by a second OC. Finally, A wavelength-division multiplexer (WDM) is used to separate the different channels physically. The principle of RF spectrum slicing and channelization is shown in Fig. 1(b) .
The frequency of each line in OFC can be express as f OFC (1) and f OFC (k ) mean the frequencies of the first line and the k-th line, OFC is the line spacing. Assume that the MZM is driven by an RF signal with maximum frequency of B X under the small signal driving and double-sideband modulation. The RF signal is then multi-cast by the comb and the k-th up-converted copy has the frequencies of f OFC (1) + (k − 1) OFC ± B X . For the FTCF, its free spectral range (FSR) and 3 dB bandwidth are F TCF and B F TCF , respectively, the FSR F TCF is set to be OFC + B F TCF , the B F TCF is set to be B X /N, N is the channelization factor of the photonic RF channelizer. The k-th transmission peak of the FTCF can be expressed as f F TCF (k ) = f F TCF (1) + (k − 1) F TCF . The combined signal is separated by a WDM with a channel spacing of OFC and the signal in each sub-channel is sent to mix with the PRBS prior to a PD. When the frequency of the first line in the OFC f OFC (1) is tuned to be f F TCF (1) − B F TCF /2, as shown in Fig. 1(b) , the center frequency of the microwave signal x k in k-th sub-channel detected by PD can be expressed as
As a result, the output microwave signal of the first sub-channel has a center frequency of B F TCF /2 and a bandwidth of B F TCF , and the output signal of the last sub-channel has a center frequency of N × B F TCF − B F TCF /2 and a bandwidth of B F TCF . In the process of photonic RF channelization, the input broadband signal is sliced into N sub-channels while each sub-channel has a bandwidth of B F TCF . It should be mentioned that the center frequency of each sub-channel can be changed by tuning the frequency of the OFC or the transmission peak of the FTCF.
The second part is the photonic CS modules based on bandpass sampling and random demodulator. The channelized signal is mixed with a PRBS which is a random series of digital 1's and 0's within the sequence length. Then the detected electrical signal passes through a low-pass filter (LPF) and is then down-sampled by a digitizer with a sampling rate much lower than the rate of the PRBS. At last, a digital signal processer (DSP) is used for signal construction with the help of a sparse recovery algorithm.
Since the outputs from the sub-channels are bandpass signals, we employ bandpass sampling to decrease the bandwidth of the CS system. After channelization, the bandwidth of the input signal is decreased by N fold to be B F TCF . According to the theory of bandpass sampling [29] , the Nyquist rate should be 2 × B F TCF or higher to avoid frequency aliasing for a bandpass signal with a bandwidth of B F TCF . On the other hand, the clock rate of the PRBS in random demodulator must be at or higher than the Nyquist rate, that is, the clock rate of the PRBS should be 2 × B F TCF or higher.
In our approach, the channelization factor of the photonic RF channelizer is N, the clock rate f s of the PRBS r (t ) at the stage of random mixing can be slowed down to be 1/N of the Nyquist rate f NQ of x (t ).
If the compression factor of the CS system is R CS , the random modulated signal x k × r (t ) passes through the LPF and is digitized by every R CS samples, which means the actual sampling rate of the digitizer f d can be expressed as
For the first sub-channel, the process of CS measurement can be modeled by y = DHRx 1 = DHRW 1 θ , where x 1 = W 1 θ is a column vector with length I (each entry corresponds to a sample at the rate of f s ), W 1 is a I × I matrix denoting the Fourier orthogonal basis, W 1 ∈ [0, B F TCF ], θ is a I × 1 vector denoting the spectrum information of x 1 , R is a I × I matrix denoting the mixing by the PRBS r (t ), H is a I × I matrix denoting the impulse response of the LPF, and D is a J × I matrix denoting the down-sampling of the digitizer (I = J × R CS ). D, H and R can be determined by the parameters of the down-sampling, LPF and PRBS, and y is the measurement result, θ can be solved as a minimization problem by a sparse recovery algorithm given that θ is sparse in W 1 .
For the k-th sub-channel, the only difference with the first sub-channel is that the x k with frequency at [(k − 1)B F TCF , k × B F TCF ] is firstly spectrally down-shifted to [0, B F TCF ] by the PRBS with bandpass sampling. According to the theory of bandpass sampling, the horizontal axes of the recovered spectrum θ for k-th sub-channel should be rescaled as Eq. (4), where k/2 is round down k/2,
Finally, the spectrum of the input broadband signal to be measured can be obtained by splicing the spectra in all the sub-channels into a complete one.
Results and Discussions
Simulations are carried out to demonstrate the proposed approach for spectrum sensing of the signal with a bandwidth of 40 GHz. The Nyquist rate f NQ corresponding to this bandwidth is 80 GHz, which is far beyond the sampling rate of the digitizers available today. The parameters related to the photonic RF channelizer in the simulation are set as follows, OFC = 90 GHz, F TCF = 100 GHz, B X = 40 GHz, B F TCF = 10 GHz, N = 4. The input broadband microwave signal is sliced into four sub-channels, each with a bandwidth of 10 GHz, by the photonic RF channelizer. The parameters for the CS modules are as follows: I = 1024, R CS = 8 and J = I/R CS = 128. The impulse response of the LPF H is a 1024 × 1024 matrix set as in [21] . The length of the finite impulse response is typically chosen to be 8, and the LPF is equivalent to an integrator that sums 8 discrete values of x k × r (t ). In the simulation, we use the sparse recovery algorithm developed by Figueiredo et al. [33] . The above parameters mean that the rate of the PRBS in the CS modules is f s = f NQ /N = 20 Gbit/s and the actual sampling rate of the digitizer is
First, we test the case of an input signal with four tones, i.e. 3 GHz, 14 GHz, 25 GHz, and 36 GHz, corresponding to one tone in each sub-channel after the WDM. The original spectrum with Nyquist sampling is shown in Fig. 2(a) . The recovered spectrum θ in each sub-channel by the bandpass sampling CS is shown in Fig. 2(b) . The bandwidth of all sub-channels are 10 GHz and the recovered frequency in each sub-channel is respectively 3 GHz, 6 GHz, 5 GHz, and 4 GHz. According to Eq. (4), the horizontal axes of the recovered spectrum θ for sub-channels 2, 3, 4 are rescaled as shown in Fig. 2(c) . It is seen that the recovered frequencies are accurate and the recovery performance is pretty good. Note that the fluctuation of the amplitude for different spectral components is attributed to the frequency basis mismatch in discrete Fourier transform [34] .
Next, the case of an input signal with multi-tones in each sub-channel is considered. We assume that the input signal includes ten spectral components, i. e. 3, 5, 10.95, 15, 19, 21, 25, 29.1, 35, and 39 GHz. It should be pointed out that the frequencies of 10.95, 19, 21, 29.1 GHz are at the edge of the sub-channels, which will fall into adjacent two sub-channels since the transmission function of the FTCF in one FSR is not ideal rectangle shape. Therefore, the edge roll-off property of the applied FTCF may have major impact on the performance of spectrum sensing. The edge roll-off property of the applied FTCF can be quantitatively described as the shape factor (SF), which is defined as the ratio of the 40-dB bandwidth to the 6-dB bandwidth. Two FTCFs with different SF, i.e, 2.5 and 1.7, are chosen in the simulation to evaluate the influence of the out-of-band leakage induced by non-ideal filters. The FTCF with these SFs can be obtained with apodized coupled resonator waveguides and are commercially available [35] - [38] . The power transmission responses of the two FTCFs are shown in Fig. 3 . It is seen a lower SF corresponds to a sharper edge. Fig. 4 shows the simulation results for the case of multi-tones in each sub-channel. The spectrum of the input signal is shown in Fig. 4(a) . The recovered spectrum corresponding to the system using an FTCF with SF = 2.5 is shown Fig. 4(b) ; fig. 4 (c) corresponds to the case of an FTCF with SF = 1.7. It is found in Fig. 4(b) that the spectrum recovery is also very good except for two alias frequencies appear. Essentially, the spectral leakage in the sub-channel edges will cause frequency aliasing in the bandpass sampling with the relatively low rate PRBS. The alias frequency at 9.05 GHz is actually 10.95 GHz which is down-shifted to 9.05 GHz by band-pass sampling. Since the filter edge is not steep enough, the frequency 10.95 GHz supposed to be in second sub-channel leaks to the first sub-channel. The alias frequency at 30.9 GHz is actually 29.1 GHz for the same reason. When the FTCF with a sharper edge (SF = 1.7) is applied, the alias frequencies near the sub-channel edges are suppressed to the noise level, as shown in Fig. 4(c) . It proves that the alias frequencies are due to the spectral leakage between adjacent sub-channels and the use of FTCF with a shaper roll-off can reduce the leakage.
It is demonstrated that a high-performance FTCF can be used to alleviate the problem of the out-of-band spectral leakage. Here we present another approach to completely avoid the problem of spectral leakage in the sub-channel edges. In this approach, the ranges of the alias frequency caused by spectral leakage are set different by measuring twice and the original signal can be recovered through extracting the common spectral components in the two measurements. For the simplicity of analysis, the bandwidth of frequency overlaps between adjacent sub-channels is calculated to be 2 GHz when the FTCF with SF = 2.5 is used. In the first measurement, the center frequency of each sub-channel is left-shifted by 1/2 bandwidth of the frequency overlap (1 GHz) by tuning the frequency of the OFC with f F TCF (1) = f OFC (1) + B F TCF /2 − 1; the ranges of the alias frequency are set to be 10∼12, 20∼22, and 30∼32 GHz. In the second measurement, the center frequency of each sub-channel is right-shifted by 1/2 bandwidth of the frequency overlap (1 GHz) by tuning the frequency of the OFC with f F TCF (1) = f OFC (1) + B F TCF /2 + 1; the ranges of the alias frequency are 8∼10, 18∼20, and 28∼30 GHz. Since the ranges of the alias frequency are different in two measurements, the broadband microwave spectrum can be recovered without frequency ambiguity through extracting the common spectral components in two measurements. The results are presented in Fig. 5 . The common spectral components in two measurements are 3, 5, 10.95, 15, 19, 21, 25, 29.1, 35 , and 39 GHz, which is consistent with the original spectrum.
It should be mentioned that the optimum channelization factor N needs further discussion for different applications. In one hand, with the increase of the channelization factor N, the rate of PRBS and the bandwidth of the MZM for CS can be largely decreased while the numbers of the PD, LPF, and digitizer are increased simultaneously. Besides, with the increase of the channelization factor N, the crosstalk between different channels will increase and cause degradation of the signal to noise ratio which may limit the signal recovery performance of CS [27] .
Summary
We have proposed a novel approach for broadband microwave spectrum sensing which combines the photonic RF channelization and compressive sampling. These two techniques help to largely decrease the sampling rate of the digitizer required for the spectrum sensing and signal reconstruction. The photonic RF channelizer slices the input broadband signal into multiple sub-channels with narrow bandwidth and then effectively decreases the clock rate of the PRBS and the bandwidth of the mixer in the random demodulator. The influence of the non-rectangular-shape filter response in the channelization is evaluated. We also proposed an approach based on measuring twice to overcome the frequency aliasing problem induced by the non-ideal response of filter. All the components used in the given scheme are commercially available. We believe it has potential applications in the microwave spectrum sensing with ultra-wide bandwidth.
